Chang H-Y, Cheng C-L, Chen J-JJ, de Groat WC. Serotonergic drugs and spinal cord transections indicate that different spinal circuits are involved in external urethral sphincter activity in rats. Am J Physiol Renal Physiol 292: F1044 -F1053, 2007. First published October 17, 2006; doi:10.1152/ajprenal.00175.2006.-Lower urinary tract function is regulated by spinal and supraspinal reflexes that coordinate the activity of the urinary bladder and external urethral sphincter (EUS). Two types of EUS activity (tonic and bursting) have been identified in rats. This study in urethane-anesthetized female rats used cystometry, EUS electromyography, spinal cord transection (SCT) at different segmental levels, and analysis of the effects of 5-HT1A receptor agonist (8-OH-DPAT) and antagonist (WAY100635) drugs to examine the origin of tonic and bursting EUS activity. EUS activity was elicited by bladder distension or electrical stimulation of afferent axons in the pelvic nerve (pelvic-EUS reflex). Tonic activity evoked by bladder distension was detected in spinal cord-intact rats and after acute and chronic T8 -9 or L3-4 SCT but was abolished after L6 -S1 SCT. Bursting activity was abolished by all types of SCT except chronic T8 -9 transection. 8-OH-DPAT enhanced tonic activity, and WAY100635 reversed the effect of 8-OH-DPAT. The pelvic-EUS reflex consisted of an early response (ER) and late response (LR) when the bladder was distended in spinal cord-intact rats. ER remained after acute or chronic T8 -9 and L3-4 SCT, but was absent after L6 -S1 SCT. LR occurred only in chronic T8 -9 SCT rats where it was enhanced or unmasked by 8-OH-DPAT. The results indicate that spinal serotonergic mechanisms facilitate tonic and bursting EUS activity. The circuitry for generating different patterns of EUS activity appears to be located in different segments of the spinal cord: tonic activity at L6 -S1 and bursting activity between T8 -9 and L3-4. bladder; electromyography; 5-HT1A receptor; pelvic nerve; bursting THE STORAGE AND RELEASE OF urine are dependent on the coordinated activity of the urinary bladder smooth muscle and the external urethral sphincter (EUS) striated muscle in the lower urinary tract (LUT). This coordination is mediated by neural mechanisms in the brain and spinal cord that are stimulated by afferent input from the bladder. In normal rats, the EUS exhibits tonic activity before the onset of voiding and bursting activity during voiding. It is believed that bursting activity represents rhythmic contractions and relaxations of the EUS that are necessary for efficient bladder emptying (20) . A detailed analysis (4) of the EUS bursting pattern has shown that it consists of silent (urethral opening) and active (urethral closing) periods, averaging 104 and 67 ms in duration, respectively. Efficient voiding depends on the duration and number of urethral openings during voiding. Suppression of EUS bursting activity with neuromuscular blocking agents decreases voiding efficiency (31).
THE STORAGE AND RELEASE OF urine are dependent on the coordinated activity of the urinary bladder smooth muscle and the external urethral sphincter (EUS) striated muscle in the lower urinary tract (LUT). This coordination is mediated by neural mechanisms in the brain and spinal cord that are stimulated by afferent input from the bladder. In normal rats, the EUS exhibits tonic activity before the onset of voiding and bursting activity during voiding. It is believed that bursting activity represents rhythmic contractions and relaxations of the EUS that are necessary for efficient bladder emptying (20) . A detailed analysis (4) of the EUS bursting pattern has shown that it consists of silent (urethral opening) and active (urethral closing) periods, averaging 104 and 67 ms in duration, respectively. Efficient voiding depends on the duration and number of urethral openings during voiding. Suppression of EUS bursting activity with neuromuscular blocking agents decreases voiding efficiency (31) .
Initial studies in deeply anesthetized rats indicated that tonic EUS activity elicited by bladder distension persists after acute or chronic transection of the thoracic spinal cord, whereas EUS bursting is eliminated in spinal cord-transected animals (15, 16) . However, subsequent experiments revealed that EUS bursting does occur in lightly anesthetized or awake rats in which the thoracic spinal cord was transected 4 -6 wk before the experiments (4), indicating that both patterns of EUS activity can be generated by circuitry in the lumbosacral spinal cord.
EUS electromyography (EMG) activity is also evoked by electrical stimulation of bladder afferent axons in the pelvic nerve (pelvic-EUS reflex) (1) . Evoked reflexes consisted of transient early responses (ER) and prolonged late responses (LR) composed of burst firing. The LR but not the ER was abolished by acute spinal cord transection (SCT) at T8 -9. It was proposed that ER and LR might be mediated, respectively, by the reflex circuits responsible for tonic and bursting EUS activity.
Bursting activity has also been identified in the periurethral striated muscles (bulbocavernosus and ischiocavernous muscles) involved in ejaculation in male rats (22) . The ejaculation reflex is mediated by a spinal pattern generator (6, 29) located in L3-4 spinal segments. Because pseudorabies virus (PRV) tracing studies also revealed PRV-labeled neurons in this same region following injection of PRV into the EUS of female rats (21) , we hypothesized that neurons in the L3-4 spinal segments might be involved in the generation of EUS bursting activity during voiding. This possibility was examined by evaluating the effect of acute or chronic transection of the spinal cord at several segmental levels (T8 -9, L3-4, or L6 -S1) on 1) tonic and bursting EUS activity induced by bladder distension and 2) the ER and LR evoked by pelvic nerve stimulation.
In the same animals, we also conducted pharmacological experiments to evaluate the effects of a 5-HT 1A receptor agonist 8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT) and antagonist N- [2-[4-(2-methoxyphenyl) -1-piperazinyl] ethyl]-N-(2-pyridinyl) cyclohexanecarboxamide trihydrochloride (WAY100635) to determine whether serotonergic modulation of tonic and bursting EUS activity is mediated by drug actions on different levels of the spinal cord. A previous study (18) showed that 8-OH-DPAT enhanced reflex micturition when administered intravenously, intrathecally, or intracerebroventricularly. On the other hand, WAY100635 suppressed reflex micturition when administered by the same routes (14, 25) .
Preliminary findings have been presented (2) .
MATERIALS AND METHODS
Experiments were performed using urethane-anesthetized female Sprague-Dawley rats with an intact spinal cord (intact-SC, n ϭ 10) or following acute (n ϭ 18) or chronic (n ϭ 18) transections of the spinal cord. To expose the dorsal surface of the spinal cord for acute transection, a laminectomy was performed under urethane (1.2 g/kg sc) anesthesia at spinal segments T8 -9 (n ϭ 7), L3-4 (n ϭ 7), or L6 -S1 (n ϭ 4) 1-2 h before the physiological recordings. The dura was left intact and covered with cotton soaked in mineral oil to prevent drying. Then, the skin incision was closed with sutures and the animal was turned over on its back to provide access to the urinary bladder and urethral sphincter. The experimental protocols were approved by University of Pittsburgh Institutional Animal Care and Use Committee.
Experiments on Spinal-Intact and Acute Spinal-Transected Rats
A polyethylene tube (PE-50) filled with physiological saline was inserted into the jugular vein for intravenous administration of drugs. The urinary bladder was exposed via a midline abdominal incision. A PE-50 catheter filled with saline was inserted through an incision in the bladder dome and secured with cotton thread. The catheter was attached to an infusion pump and a pressure transducer via a T connector. To record the EUS EMG, the pubic symphysis was removed to expose the urethra and EUS. Two fine, insulated silverwire electrodes (0.05-mm diameter) with exposed tips were inserted into the muscle on both sides of the midurethra 5-8 mm from the bladder neck. The left pelvic nerve was isolated. By retracting skin flaps, a pool was formed around the pelvic nerve, bladder, and urethra and filled with mineral oil (37°C) to prevent drying. For electrical stimulation, bipolar silver-wire electrodes were positioned on a pelvic nerve (usually on the left side) at a location 3-5 mm from the major pelvic ganglion.
Urodynamic examination usually began 1-2 h after the induction of anesthesia. After the bladder was emptied, it was filled by continuous transvesical cystometry (CMG) at an infusion rate of 0.123 ml/min with physiological saline at room temperature. This procedure, which will be termed "bladder filling," produces repeated micturition reflexes at intervals varying between 60 to 200 s. The urethral outlet was opened to allow fluid in the bladder to be eliminated during each micturition reflex. The EUS EMG activity was amplified 20,000-fold and filtered (high-frequency cutoff at 3,000 Hz and low-frequency cutoff at 100 Hz). Bladder pressure and EUS EMG activity were stored on a personal computer at the sampling rate of 2,500 Hz.
The pelvic nerve afferent-evoked EUS reflex (pelvic-EUS reflex) was studied before and after bladder distension. Bladder pressure was increased by injecting saline (0.2 ml) into the bladder (termed "bladder distension"). This volume is less than the volume (0.6 -0.8 ml) necessary to induce micturition. The pelvic-EUS reflex was elicited by single shocks (Grass S88 stimulator) to the pelvic nerve and recorded from the EUS on the both sides. The electrical stimulation consisted of uniphasic pulses at frequencies between 0.1 and 1.0 Hz with a pulse width of 0.05 ms. Submaximal stimulus intensities that ranged between 4 and 10 V in different experiments were set in each experiment at four to six times the threshold for eliciting a detectable reflex. The evoked pelvic-EUS reflex activity was amplified 20,000-fold with a preamplifier (P511AC, Grass Instruments), filtered (high-frequency cutoff at 3,000 Hz, low-frequency cutoff at 3 Hz in combination with a 60-Hz notch filter), and sampled at 5,000 Hz.
After all control recordings were obtained, the animal was carefully turned to lie on its abdomen. The incision over the spinal cord was opened, and then the dura, spinal cord (caudal T9 spinal segment, caudal L4 spinal segment or rostral S1 spinal segment), and spinal roots were completely transected with fine iris scissors. The severed ends of the spinal cord typically retracted 1-2 mm and were inspected under a surgical microscope to ensure complete transection. In L6 -S1 SCT rats, a 22-gauge needle was inserted into the spinal cord to destroy the remainder of the S1 spinal segment. Gelfoam was placed between the severed ends of the spinal cord. The overlying muscle and skin were sutured. The animal was then turned on its back. After 1 h, the electrophysiological recordings were repeated. Following the physiological experiments, an extensive laminectomy was performed at the spinal transection sites to confirm the extent of the transections. In all animals, it was obvious that the cord was completely sectioned Fig. 1 . Bladder pressure (top traces) and external urethral sphincter (EUS) electromyography (EMG) activity (bottom traces) recorded in the rat with intact spinal cord. A: bladder pressure gradually increased during bladder filling at the rate of 0.123 ml/min. A large increase in bladder pressure, which indicates the start of micturition, was accompanied by large-amplitude EUS EMG activity. The bladder pressure consisted of a biphasic response: an initial rise in pressure followed by a decline and then a late secondary rise in pressure. The large-amplitude EUS EMG activity was followed by a prolonged afterdischarge that continued for at least half of the intercontraction interval (ICI). B: record at a faster sweep of the time period indicated in A as " (1) ." Before the onset of voiding when the bladder was inactive, the EUS exhibited tonic activity. At the beginning of the micturition reflex, tonic EUS activity increased and then converted to bursting activity as bladder pressure declined at the start of voiding. High-frequency oscillations (HFO) occurred in the bladder pressure recording during voiding. Bottom trace shows a fast sweep of the bursting period and conversion of tonic EUS activity to bursting activity at the beginning of voiding.
because the rostral and caudal segments of the cord were completely disconnected.
Experiments in Chronic Spinal Cord-Injured Rats
Animals were examined 2-5 wk after SCT at different spinal segments: T8 -9 (n ϭ 6), L3-4 (n ϭ 7), and L6 -S1 (n ϭ 5). Spinal transection was performed under 2-2.5% halothane anesthesia using aseptic surgical technique as described above. After the laminectomy, the dura, the spinal cord (caudal T9 spinal segment, caudal L4 spinal segment or rostral S1 spinal segment), and spinal roots were cut with fine iris scissors. The severed ends of the spinal cord typically retracted 1-2 mm and were inspected under a surgical microscope to ensure complete transection. In L6 -S1 SCT rats, a 22-gauge needle was inserted into the spinal cord to destroy the remainder of the S1 spinal segment. Gelfoam was placed between the severed ends of the spinal cord. The overlying muscle and skin were sutured. The animals were treated with an antibiotic (ampicillin 250 mg/kg sc) for 7-10 days. To prevent overdistension of the bladder, urine was expressed manually three times per day until automatic micturition developed (7-12 days postsurgery), and then the bladder was expressed one or two times per day.
The chronic SCT animals were studied under urethane anesthesia (0.8 g/kg sc). The surgical procedures were the same as those used in animals with acute spinal transection, including the placement of catheters in the jugular vein and bladder dome as well as placement of electrodes in the EUS and on the left pelvic nerve. EUS EMG recordings were obtained before and after drug treatments. Following the experiments, the area of the spinal transection was examined grossly after an extensive laminectomy was performed. In most of the chronic SCT experiments, it was obvious that the cord was completely sectioned because the rostral and caudal segments of the cord were completely disconnected. In some chronic SCT animals in which the region of the transection was obscured by scar tissue and Gelfoam, the cord was fixed in paraformaldehyde, sectioned on a cryostat, and the sections were Nissl stained. The histology revealed that the spinal cord was completely transected.
Drugs
Following the physiological studies, pharmacological experiments were conducted to examine the effects of serotonergic drugs on the CMG, EUS EMG, and the pelvic-EUS reflexes. 8-OH-DPAT (Sigma, St. Louis, MO) and WAY100635 (Sigma) were dissolved in normal saline for intravenous administration. Drug doses were calculated for the base of each compound and selected based on results from previous experiments (2, 3, 14, 27) . Single doses of 8-OH-DPAT (1 mg/kg) and WAY100635 (1 mg/kg) were administered intravenously.
In most experiments, 8-OH-DPAT was administered 30 min before WAY100635. Electrophysiological recordings were obtained before and after drug administration.
Data Analysis
Asynchronous tonic and bursting EUS EMG activity and pelvic-EUS reflexes were rectified and measured by integrating the area under the curve (AUC) (mV-ms or V-ms) with a personal computer (2, 3, 12, 24) . The tonic and bursting EUS EMG activity were measured over the same length of time (1 s) in every experiment. In this paper, the AUC is termed the "reflex area." The reflex area of the ER of pelvic-EUS reflex was measured over the duration of the reflex response, while the reflex area of the LR of pelvic-EUS reflex was measured over a period of 500 ms, starting from the first action potential. Compared with reflex amplitude, the reflex area was more consistent over long periods of recording and therefore more suitable for representing the intensity of reflex activity. The quantitative data in the paper represent the reflex area of the ER and LR. Twenty single-sweep recordings were analyzed and averaged to obtain each data point in the same animal. The results are given as means Ϯ SE. The reflex areas obtained before and after bladder distension as well Table 1 .
Drug effects on the frequency of reflex bladder contractions (intercontraction interval) and amplitude of bladder contractions (peak pressure) during cystometry in rats with intact-SC and in chronic T8 -9 SCT, L3-4 SCT, or L6 -S1 SCT rats
Intact-SC (n ϭ 10)
Chronic L6 -S1 SCT (n ϭ 5) Bold values indicate 5 chronic T8-9 SCT rats were treated with drugs. ICIs were not measured in L6-S1 SCT animals because large-amplitude voiding contractions were absent in these animals. *P Ͻ 0.05, significantly changed compared with control before drugs. †P Ͻ 0.05, significantly changed compared with records after 8-OH-DPAT. ‡P Ͻ 0.05, significantly different compared with chronic T8 -9 SCT rats prior to drugs. §P Ͻ 0.05, significantly reduced compared with intact-SC rats. as before and after drug administration were evaluated statistically using Student's t-test. The independent t-test was used to evaluate differences in results between two groups of animals. P Ͻ 0.05 was considered statistically significant.
RESULTS

Bladder and EUS Activity Evoked by Bladder Distension
Intact spinal cord. During continuous-infusion CMGs in intact-SC rats (n ϭ 10) before the onset of voiding when the bladder was inactive, the EUS exhibited low-amplitude tonic activity. The tonic EUS activity increased in amplitude at the onset of micturition and then shifted to a large amplitude bursting pattern during voiding (Fig. 1) . The average interval between reflex bladder voiding contractions [i.e., the intercontraction interval (ICI)] was 109.9 Ϯ 10.1 s (Table 1 ) when the bladder was infused at a rate of 0.123 ml/min (Fig. 1A) . During voiding, the CMGs showed a sudden increase in bladder pressure and then a decrease accompanied by high-frequency oscillations (HFOs) correlated with the EUS bursting activity (Fig. 1B) . Following the period of HFOs, a second peak in bladder pressure (Table 1) occurred, accompanied by tonic EUS activity (Fig. 1B) . Voiding is thought to occur during the period of EUS bursting and decreased bladder pressure. The EUS bursting consisted of high-frequency spikes occurring at a frequency of 6 -8 Hz (15) (16) (17) . In the present experiments, the average frequency of EUS bursting was 6.3 Ϯ 1.1 Hz.
Twenty minutes after administration of 8-OH-DPAT, the ICI was not significantly changed (Table 1 ) but bladder pressure was significantly decreased (Table 1) , and, as reported previously (1, 2), tonic and bursting EUS EMG activity were increased ( Table 2 ). The subsequent administration of WAY100635 significantly decreased the ICI (Table 1) , significantly increased bladder pressure (Table 1) , and suppressed tonic and bursting EUS EMG activity (Table 2) .
Acute SCT. To determine the contribution of the brain and different segments of the spinal cord to the reflex activity of the EUS and bladder, we examined the changes in reflex activity after transection of the spinal cord at different segmental levels. Following acute T8 -9 (n ϭ 7, Fig. 2, A-C) or L3-4 (n ϭ 7) spinal transection, large-amplitude bladder contractions were eliminated and only low-amplitude (12-20 cmH 2 O peak pressure) higher frequency (ICI 40 -100 s) nonvoiding bladder contractions occurred. Tonic EUS activity persisted after cord transection, but EUS bursting was completely eliminated ( Fig. 2A) . Tonic EUS activity also increased during the small-amplitude bladder contractions, indicating that pathways in the spinal cord can generate a bladder-to-EUS reflex. 8-OH-DPAT and WAY100635 did not alter low-amplitude bladder activity. Tonic EUS activity was not significantly enhanced (Fig. 2B ) by 8-OH-DPAT in acute T8 -9 SCT rats. However, subsequent administration of WAY100635 significantly reduced (40 -60%, n ϭ 5) the firing (Fig. 2C) . In acute L3-4 SCT rats, 8-OH-DPAT significantly increased tonic EUS activity by 15-28%. WAY100635 reversed the effect of 8-OH-DPAT.
To determine whether tonic EUS activity and drug effects were dependent on pathways in the lumbosacral spinal cord, the L6 -S1 spinal cord was transected. In acute L6 -S1 SCT rats (n ϭ 4), both tonic and bursting EUS activity were abolished (Fig. 2D) ; however, low-amplitude nonvoiding bladder activity remained (15.2 Ϯ 2.7 cmH 2 O). This activity was presumably mediated by nonneural mechanisms in the bladder smooth muscle. 8-OH-DPAT did not alter bladder activity or unmask EUS EMG activity in these animals (Fig. 2E) .
Chronic spinal cord injury. Immediately after SCT, spontaneous release of urine was abolished in all animals; thus it was necessary to manually express the bladders. Large volumes of urine were expressed from the bladder during the first few days after SCT, but in T8 -9 and L3-4 SCT rats the volumes decreased when spontaneous micturition was reestablished after ϳ1 wk (4, 5, 16 ). However, in L6 -S1 SCT rats, sponta- Fig. 2 . Effects of serotonergic drugs on small-amplitude bladder contractions (top traces) and rectified tonic EUS EMG activity (bottom traces) in 2 rats after T8 -9 (A-C) and L6 -S1 (D and E) acute spinal cord transection (SCT). A: a small increase in tonic EUS activity occurred during bladder contractions (brackets), but EUS bursting activity did not occur. B: after 8-OH-DPAT, the amplitude of tonic EUS activity increased but bladder contractions did not significantly change. C: WAY100635 reduced the facilitatory effect of 8-OH-DPAT on tonic EUS activity. Neither 8-OH-DPAT nor WAY100635 affected small-amplitude bladder contractions. The interval between administration of 8-OH-DPAT and WAY100635 was 30 min. All records (A-C) were obtained in the same animal. D and E: acute L6 -S1 SCT eliminated EUS EMG activity and the effects of 8-OH-DPAT.
neous micturition did not recover and large volumes of urine were expressed from the bladder during the entire post-SCT period.
In chronic SCT rats 2-5 wk after spinal cord transection, bladder and EUS EMG activity were markedly different in the three groups of animals transected at different segmental levels. The ICIs during continuous-infusion CMGs in animals transected at T8 -9 was significantly shorter (Table 1 and Fig.  3A1 ) than the ICIs in animals transected at L3-4 (Table 1 and Fig. 4A1 ) or in intact-SC animals. The peak intravesical pressures during voiding (Table 1) were 44.8 Ϯ 2.2 cmH 2 O in chronic T8 -9 SCT rats and 35.1 Ϯ 2.7 cmH 2 O in chronic L3-4 SCT rats. These values were significantly lower than those in spinal-intact rats. In four of six chronic T8 -9 SCT rats and all chronic L3-4 SCT rats, tonic EUS activity remained but EUS bursting was abolished during bladder filling. However, two animals at 5 wk after T8 -9 SCT exhibited EUS bursting during voiding.
In chronic L6-S1 SCT rats, both tonic and bursting EUS activity and large-amplitude bladder contractions were abolished. The peak intravesical pressures during the small-amplitude nonvoiding bladder contractions were significantly lower than the values in intact-SC rats and chronic T8 -9 and L3-4 SCT rats.
In chronic T8 -9 SCT rats during continuous-infusion CMGs, 8-OH-DPAT significantly increased the ICIs by 134% compared with the values of ICIs before drug treatment (Table  1) . 8-OH-DPAT also significantly decreased the peak bladder pressure by 24% (Table 1 ) and facilitated tonic EUS activity (122% increase in area) as well as EUS bursting (57% increase in area) ( Table 2 ). 8-OH-DPAT also unmasked bursting in animals (n ϭ 4) when it was not evoked by bladder distension Fig. 3 . Effects of serotonergic drugs on the bladder (top left traces), EUS EMG activity (bottom left traces), and pelvic-EUS reflex (right traces) in a rat with T8 -9 chronic SCT (4 wk). A1: before drug treatment, the bladder exhibited rhythmic, large-amplitude micturition contractions during bladder filling. During the bladder contractions, the low-amplitude tonic EUS activity was enhanced but EUS bursting did not occur. A2: early response (ER) and a small-amplitude late response (LR) in the pelvic-EUS reflex was present when the bladder was distended. B1: 8-OH-DPAT increased the tonic EUS activity and unmasked EUS bursting during voiding. Trace 3 shows a fast sweep of EUS EMG activity during period (1) that included the bursting. Trace 4 shows a faster sweep of the EUS bursting during period (2) in trace 3. B2: after 8-OH-DPAT, the LR was markedly increased. C1: WAY100635 reversed the effect of 8-OH-DPAT. The large-amplitude tonic activity was reduced and the EUS bursting during voiding was eliminated. Trace 3 is a fast sweep of the period (3) showing that EUS bursting was eliminated by WAY100635, leaving only tonic EUS activity when the bladder pressure increased during a micturition reflex. C2: after WAY100635 the burst firing of the LR was suppressed. Dot, electrical stimulation (4 V, 1.0 Hz, pulse width 0.05 ms). All traces (A2-C2) represent a recording of a single reflex response.
alone. During voiding in 8-OH-DPAT-treated rats, tonic EUS activity shifted to EUS bursting (Fig. 3B1) . The frequency of EUS bursting was 4 -6 Hz. The subsequent administration of WAY100635 reversed the effect of 8-OH-DPAT, significantly decreasing the ICIs by 51% and increasing peak bladder pressure by 15% (Table 1) . WAY100635 decreased the area of tonic EUS activity by 43% (Table 2 ) during bladder filling and completely suppressed EUS bursting during voiding (Fig.  3C1) .
In chronic L3-4 SCT rats, the ICIs during continuousinfusion CMGs were significantly increased by 57% after 8-OH-DPAT (Table 1) . However, neither 8-OH-DPAT nor WAY100635 produced significant changes in the peak bladder pressure during voiding (Table 1) . 8-OH-DPAT significantly increased the tonic EUS activity by 156% (Fig. 4B1 and Table  2 ) but did not unmask EUS bursting during voiding. WAY100635 partially reversed the effect of 8-OH-DPAT, significantly decreasing the ICIs by 30% (Table 1) , decreasing the area of tonic EUS activity by 48% during bladder filling, and decreasing the area of tonic EUS activity by 39% during voiding ( Fig. 4C1 and Table 2 ).
In chronic L6-S1 SCT rats, 8-OH-DPAT did not change bladder activity or unmask EUS EMG activity.
EUS Activity Elicited by Electrical Stimulation of the Pelvic Nerve
Intact spinal cord. When the bladder was distended, the EUS activity evoked by electrical stimulation of the pelvic nerve in intact-SC rats consisted of a large-amplitude, short-latency (18.3 Ϯ 0.5 ms), short-duration (15.7 Ϯ 1.4 ms) ER and a long-latency (average 104.8 Ϯ 3.5 ms), long-duration (Ͼ100 ms) LR (Fig. 5) . When the bladder was empty, only the ER was detected in every recording and the LR occurred inconsistently in 20% of recordings. The ER was not significantly changed by bladder distention.
When the bladder was empty, 8-OH-DPAT did not significantly enhance the ER. However, when the bladder was distended (0.2 ml of saline) 8-OH-DPAT significantly increased the areas of ER and LR by 18 Ϯ 0.1 and 85 Ϯ 0.9%, respectively (n ϭ 10). Subsequent administration of WAY100635 20 -30 min after 8-OH-DPAT decreased the areas of ER and LR by 58 Ϯ 0.7 and 65 Ϯ 0.4% (n ϭ 8), respectively.
Acute SCT. When the bladder was distended or empty in acute T8 -9 (n ϭ 7) and L3-4 (n ϭ 7) SCT rats, electrical stimulation of the pelvic nerve elicited an ER at a latency that was not significantly different (average 17.8 Ϯ 0.2 ms) from that in intact-SC rats. When the bladder was distended, the LR, was absent in acute T8 -9 and L3-4 SCT rats. In acute L6-S1 SCT rats (n ϭ 4), neither an ER nor an LR was detected.
In acute T8 -9 SCT rats, 8-OH-DPAT did not significantly change the area of ER but unmasked a small LR (latency, 84.2 Ϯ 5.1 ms) in two of seven rats. The area of the LR after 8-OH-DPAT and during bladder distention was 20 Ϯ 9.1% (n ϭ 2) of the average area in intact-SC rats. In these two experiments when the bladder was distended, WAY100635 (1, 2, 3) in the middle traces. A1: before drug treatment, the bladder exhibited rhythmic micturition contractions during bladder filling. At the peak of the contractions, tonic EUS activity was markedly enhanced. EUS bursting activity did not occur. B1: 8-OH-DPAT enhanced tonic EUS activity but did not unmask EUS bursting. C1: WAY100635 reversed the effect of 8-OH-DPAT on tonic EUS activity. A2-C2: the ER remained, but the LR was absent in the chronic L3-4 SCT rat. The ER was not affected by drugs. Dot, electrical stimulation (6 V, 1.0 Hz, pulse width 0.05 ms).
reduced by 74 Ϯ 10.6% (n ϭ 2) the facilitatory effect of 8-OH-DPAT. In another five rats when the bladder was distended, neither 8-OH-DPAT nor WAY100635 significantly changed the areas of the ER and LR.
In acute L3-4 SCT rats when the bladder was distended, 8-OH-DPAT (n ϭ 5) produced a small, but statistically significant increase in the area of ER (16 Ϯ 0.3% increase) but did not unmask an LR. WAY100635 completely reversed the effect of 8-OH-DPAT. In acute L6-S1 SCT rats (n ϭ 4), 8-OH-DPAT did not unmask an ER or an LR.
Chronic spinal cord injury. In chronic T8 -9 SCT rats (Fig.  3A2) , the pelvic-EUS reflex consisted of the ER and LR when the bladder was distended but only an ER when the bladder was empty. The latency and duration of ER in chronic T8 -9 SCT rats (n ϭ 6) were not significantly different from values in intact-SC rats. However, the latency of the LR (62 Ϯ 4.1 ms) was shorter than that in intact-SC rats (average 104.8 Ϯ 3.5 ms). When the bladder was distended, 8-OH-DPAT (n ϭ 5) increased the areas of the ER and LR by 26 and 56%, respectively (Figs. 3B2 and 6) . WAY100635 reversed the effect of 8-OH-DPAT (n ϭ 5), significantly suppressing the areas of ER and LR by 18 and 38%, respectively (Figs. 3C2  and 6 ). The latencies of ER and LR were not significantly changed after drug treatments.
In chronic L3-4 SCT rats (n ϭ 7, Fig. 4A2 ), the ER remained, but the LR was absent when the bladder was empty or distended. The area of ER in chronic L3-4 SCT rats was 31 Ϯ 2.7% larger than the area of ER in chronic T8 -9 SCT rats. Neither 8-OH-DPAT (Fig. 4B2) nor WAY100635 (Fig.  4C2 ) elicited significant changes in the ER.
In chronic L6-S1 SCT rats (n ϭ 5), in which the ER and LR were absent, neither bladder distension nor drugs unmasked reflex responses.
DISCUSSION
The present study examined the effect of acute and chronic SCT at different segmental levels on 1) reflex activity of the bladder and EUS and 2) the effects of 5-HT 1A receptor agonists and antagonists on the bladder and EUS reflexes. The results indicate that tonic and bursting EUS activity are mediated by distinct spinal reflex pathways that are organized at different segmental levels (Fig. 7) . The properties of tonic and bursting EUS activity were similar, respectively, to those of the ER and LR of the pelvic-EUS reflexes. This raises the possibility that a common reflex mechanism mediates the ER and tonic EUS activity (termed type 1 responses for the purpose of this discussion) and another mediates the LR and EUS bursting (termed type 2 responses). It seems likely that these two types of EUS responses contribute to different LUT functions.
The conclusion that type 1 and type 2 responses are mediated by distinct spinal pathways is based on the effect of SCT at three segmental levels. Both responses were eliminated by acute or chronic L6-S1 SCT. This is attributable to interruption of the motor innervation of the EUS as well as the pelvic afferent input that projects to the L6 -S1 spinal cord. Acute or chronic L3-4 SCT that preserves the afferent and efferent limbs of the pelvic-EUS reflex pathway did not suppress type 1 responses that are organized at L6 -S1. However, injury at L3-4 abolished type 2 responses, indicating that pathways at or rostral to this level were essential for the generation of type 2 responses. Because type 2 responses were eliminated by acute T8 -9 SCT but recovered after chronic T8 -9 SCT, it seems reasonable to conclude that type 2 responses are normally dependent on supraspinal pathways (Fig. 7A ) but can reemerge after elimination of those pathways in chronic SCT rats when circuitry between T9 and L4 is preserved. Bottom trace shows that the LR of pelvic-EUS reflex was unmasked but the ER was not changed by bladder distension. All traces were obtained in the same animal and represent a recording of a single reflex response. Dot, 4 V, 0.1 Hz, pulse width 0.05 ms. Fig. 6 . Area of the pelvic-EUS ER and LR reflexes in chronic T8 -9 SCT rats when the bladder was distended. The ER and LR were significantly enhanced 26 (P Ͻ 0.05) and 56% (P Ͻ 0.05), respectively, by 8-OH-DPAT (n ϭ 5). WAY100635 (n ϭ 5) significantly decreased ER and LR by 18 and 38%, respectively, after 8-OH-DPAT. *, †: P Ͻ 0.05, significantly decreased compared with records after 8-OH-DPAT.
Although the mechanisms underlying the recovery of type 2 responses after T8 -9 SCT are uncertain, it is noteworthy that the latency of the LR was significantly shorter (62 ms) in chronic T8 -9 SCT rats than in intact-SC rats (105 ms). This raises the possibility that neuroplasticity involving the reorganization of synaptic connections in the spinal cord is responsible for the recovery of type 2 responses. Similar mechanisms seem to be responsible for the recovery of reflex bladder activity after SCT (8, 9) .
Previous studies revealed that the micturition reflex in intact-SC rats is mediated by a long-latency (120 ms) spinobulbospinal reflex pathway passing through a coordination center in the rostral pons (8, 19) . The estimated long central delay for the micturition reflex (ϳ60 ms) is similar to the estimated central delay for the LR (90 ms, based on a 105-ms reflex latency minus 15 ms for peripheral afferent and efferent conduction times). Thus the LR, like the micturition reflex, may be mediated by a spinobulbospinal pathway in intact-SC rats (Fig.  7A) .
In chronic SCT rats, the central delay for the micturition reflex is dramatically shortened from 60 ms to Ͻ5 ms (19) , while the central delay for the LR is also shortened but is still considerably longer (47 ms, based on 62-ms reflex latency minus 15 ms for peripheral conduction time) than that of the micturition reflex. The difference in central delays between the LR and the micturition reflex may reflect differences in the spinal pathways. Micturition occurs via a segmental pathway at L6 -S1, while the LR seems to be dependent on a more complex intersegmental pathway involving L6 -S1 and more rostral lumbar segments (Fig. 7B) . This difference in the organization of the two reflex mechanisms is supported by the finding that large-amplitude bladder contractions and voiding persist in chronic L3-4 SCT rats, whereas type 2 responses were eliminated in these animals. The presence of PRV-labeled neurons in the rostral lumbar spinal cord after injection of PRV into the EUS (21) is consistent with the idea that circuitry in this region of the spinal cord is involved in EUS function.
On the other hand, the ER must be mediated via a spinal segmental pathway in L6 -S1 because it survives after L3-4 SCT. The ER also has a short central delay (3-4 ms) (1), comparable to that of the spinal micturition reflex. Similarly, EUS reflex activity and reflexes in pudendal nerve motor axons elicited by electrical stimulation of afferent axons in the pudendal nerve (i.e., the pudendal-EUS reflex) also occur after a short central delay (4.5-8.5 ms) (3, 23) . Thus the long central delay of the spinal LR stands in marked contrast to the short central delays of other spinal reflexes involved in LUT function. This is consistent with the view that the LR is mediated by more complex intersegmental circuitry.
The relationship between bladder activity and the ER-LR EUS reflexes indicates that these two types of EUS reflexes have different functions. Although the ER was enhanced by Fig. 7 . Diagram showing putative reflex pathways mediating reflex micturition and tonic and bursting EUS activity in spinal cord-intact (A) and chronic SCT T8 -9 rats (B). A: spinobulbospinal micturition reflex pathway is shown by the solid line passing through the pontine micturition center (PMC) in the rostral brain stem. The hypothesized pathway mediating EUS bursting is shown by the dotted line also passing through the PMC. In spinal cord-intact rats, when the bladder is distended, afferent input from bladder mechanoreceptors passes via the pelvic nerve to the L6 -S1 spinal cord to the spinal EUS-control center to generate tonic EUS activity and the ER. Input from the L6 -S1 spinal cord passes to the PMC, which then projects to the lumbosacral micturition center to generate reflex bladder contractions and to L3-4 bursting center to generate EUS bursting. The spinal EUS bursting center provides an excitatory input to the spinal EUS-control center to initiate an excitatory outflow to the EUS. The spinal EUS-control center in the L6 -S1 spinal cord consists of interneuronal and motoneuronal circuitry that regulates EUS activity. B: after SCT, descending input from the PMC to spinal centers is interrupted. This initially eliminates the micturition reflex, the LR, and EUS bursting. The ER and tonic EUS activity mediated by a spinal reflex pathway are preserved. However, in chronic SCT rats it is hypothesized that reorganization of synaptic connections in the spinal cord leads to the reemergence of the micturition reflex as well as the LR and EUS bursting. This reorganization depends on the formation of new pathways between pelvic primary afferent nerves and the L3-4 spinal EUS bursting center (dotted line) and spinal micturition center (solid line) or upregulation of pathways that exist in the spinal intact animals. activation of mechanosensitive bladder afferents during bladder distension, it could also be elicited by electrical stimulation of the pelvic nerve in the absence of bladder distension. The LR was usually absent or very weak under empty bladder conditions but was unmasked or markedly facilitated by bladder distension. The facilitated LR consisted of prominent bursts of firing lasting for hundreds of milliseconds and occurring at intervals similar to the intervals of EUS bursting during voiding. Thus the LR very likely represents a transient activation of the EUS pattern generator that mediates rhythmic contractions and relaxations of the EUS during voiding. A similar pattern generator in the lumbar spinal cord may be responsible for the bursting activity of periurethral striated muscles that occurs during ejaculation in the male rat (29) . The presence of an ER under empty bladder conditions or during bladder filling before micturition suggests that the ER is related to continence mechanisms and most likely is responsible for tonic EUS activity occurring before voiding.
Activation of 5-HT 1A receptors in the central nervous system (CNS) with 8-OH-DPAT is known to facilitate reflex micturition (18) ; thus it was not surprising that 8-OH-DPAT also facilitated the LR that is linked with voiding. The facilitatory effect of 8-OH-DPAT on LR is attributable to an action in the spinal cord because it occurred in chronic T8 -9 SCT rats. 8-OH-DPAT also induced EUS bursting in response to bladder distension and facilitated bladder emptying in chronic SCT rats (11) . It is possible that an additional facilitatory effect on the brain might contribute to enhancement of the LR in intact-SC animals; however, this was not explored.
Previous studies in intact-SC rats revealed that WAY100635 alone, a 5-HT 1A receptor antagonist, not only reversed the facilitatory effect of 8-OH-DPAT but also suppressed reflex bladder activity (14, 25) and EUS bursting induced by bladder distension (1) . This indicates that EUS bursting is tonically facilitated by an endogenous serotonergic mechanism in anesthetized animals with an intact neuraxis. Thus the interruption of bulbospinal serotonergic pathways might contribute to the elimination of type 2 responses after acute T8 -9 SCT. However, other mechanisms must also contribute to the effect of acute SCT because 8-OH-DPAT produced only a partial recovery of the LR in these preparations. 8-OH-DPAT also facilitated type 1 responses in intact-SC rats as well as in acuteand chronic-SCT rats. This effect occurred in T8 -9 and L3-4 SCT rats, indicating that the effect was mediated by an action on the L6 -S1 spinal cord, whereas the facilitatory effect on type 2 responses was eliminated in L3-4 SCT rats. The serotonergic drugs could act at multiple sites because 5-HT 1A receptors are widely distributed in the dorsal horn and dorsal gray commissure of the rat spinal cord (28) . We conclude that the facilitatory effect of 5-HT 1A receptor activation on type 2 responses may be related to an action on the spinal pathways rostral to L4, whereas the facilitatory effect on type 1 responses may be mediated by effects on the spinal pathways in L6 -S1 segments.
The facilitatory effect of 8-OH-DPAT on type 1 and type 2 responses indicates that serotonergic mechanisms can modulate the two opposing functions of the LUT: urine storage and voiding. This apparent paradoxical effect is not unprecedented because ␣ 1 -adrenergic mechanisms (30) and muscarinic mechanisms in the CNS (13) have also been shown to facilitate continence and voiding mechanisms. Interest in the role of serotonin in the control of the urethral sphincter has been stimulated by recent reports that duloxetine, a serotonin-norepinephrine reuptake inhibitor, is useful for the treatment of stress urinary incontinence (10) . Duloxetine is thought to act by enhancing monoaminergic facilitation of the spinal pathways controlling the EUS (7, 26) . More information about the mechanisms underlying serotonergic control of EUS activity may provide new insights into the pathophysiology of urinary incontinence and lead to more effective treatments.
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